We have investigated the oxide growth kinetics of near-room-temperature liquid phase chemical enhanced oxidation on differently oriented and doped GaAs substrates. Oxidation reactions have been studied by analyzing their activation energies and have been found to depend on the bond configuration of crystal planes. Experimental results indicate that the activation energies are independent of the doping of GaAs. The oxidation rates are dopant selective (n Ϫ :p ϩ -GaAsϳ4:1 at 30°C under illumination͒ and sensitive to illumination ͑without:with illuminationϳ1:25 at 30°C for a n ϩ -doped GaAs͒. In the oxidation reactions, photogenerated holes are found to play an important role. Finally, we have proposed a mechanism based on the band bending and the carrier transport near the oxide-GaAs interface to interpret the experimental observations.
I. INTRODUCTION
Liquid phase chemical enhanced oxidation ͑LPCEO͒ method has been successfully utilized for producing an insulating oxide layer on GaAs substrates efficiently (ϳ1000 Å/h at 70°C͒ under relatively low temperatures (30-70°C͒. 1 As for device applications, we have also successfully demonstrated a GaAs metal-oxide-semiconductor field effect transistor with a LPCEO gate oxide. 2 Comparing with other oxidation techniques such as thermal, anodic, or plasma oxidation of GaAs, the LPCEO technique has many advantages upon them. For example, unstoichiometry ͑partial loss of As oxides͒ due to significant difference of vapor pressure between Ga and As compounds at high temperatures can be avoided. In addition, the oxidation rate is fairly high at such low temperatures, as compared with the case of thermal oxidation (ϳ50 Å/h at 450°C͒. 3 Hence, it is convenient and reliable to use a photoresist mask to achieve selective-area oxidation by the LPCEO technique. 4 Neither electric potential nor assisted energy source ͑plasma or photo͒ is applied in the LPCEO technique. As compared with extensive research efforts such as high-pressure 5 or photoenhanced techniques, [6] [7] [8] the LPCEO method is quite simple and economic.
To date, the exact mechanism of GaAs oxidation is still not very clear. Most models of GaAs oxidation were built for thermal or anodic oxides. 9, 10 Because no electric potential is applied and the oxidation temperatures are relatively low, we expect that the mechanism of LPCEO is different from those of thermal and anodic oxidation. For such an ''electroless'' oxidation process under low temperatures, a clear mechanism about the dependence of the orientation or doping on the oxidation of GaAs has not been elucidated yet. In this article, some experimental results of the crystal orientation and doping dependence on the GaAs oxide growth by the LPCEO technique will be reported. Since the oxidation conditions are quite different from those of the thermal and anodic methods, some other points of view will be proposed to clarify the mechanism of LPCEO. The effects of GaAs surface structure, doping of the substrates, and also the light irradiation on the oxidation kinetics will be characterized by analyzing the activation energies (E a ) using Arrhenius plots.
II. EXPERIMENT
Experimental apparatus for the LPCEO technique is very simple and consists of a temperature regulator and a pH meter, as shown in Fig. 1 . A more detail description about the technique can be found in Ref. 1 . For an optimum oxidation condition, a range of initial pH values 4ϽpH i Ͻ4.5 was set in the following experiments. One-side polished and epiready GaAs wafers grown by liquid encapsulated Czochralski ͑LEC͒ technique with orientations of ͑100͒, ͑110͒, and ͑111͒ were employed as specimens in the study of orientation effects. The roughness of these wafers are about 3 Å ͑rms values͒ according to measurements by atomic force microscopy. Doping of these wafers are all heavily Si doped at concentrations of 1 -1.5ϫ10 18 cm Ϫ3 (n ϩ doped͒. To investigate the doping effects on the oxide growth, we additionally employed other three doping types of the ͑100͒-oriented wafers. They are n ϩ wafers with ϳ1.5-m-thick epilayers doped at 2ϫ10 16 cm Ϫ3 (n Ϫ doped͒, Zn doped at 1.1-1.4 ϫ10 19 cm Ϫ3 (p ϩ doped͒, and undoped ͑with a resistivity of 4 -9ϫ10 7 ⍀ cm). An As-terminated surface is less stable when exposing to air because of its electronic activity. In order to unify and stabilize the surfaces, these specimens were all immersed into a 10%-20% NH 4 OH solution for 1 min to produce a more stoichiometric and less contaminated surface with less excess As and a higher Ga/As ratio. To study the effects of illumination on the oxide growth, we placed a 13 W fluorescent lamp above the specimens with a distance of 15 cm. In the case of the oxidation without illumination, the lamp was turned off, and the specimens were turned around against the indoor light. The as-grown specimens were rinsed by deionized water and dried in nitrogen after oxidation.
III. RESULTS AND DISCUSSION

A. Effects of crystal orientation
As illustrated in Fig. 2 , a brief review of GaAs crystal planes is introduced. By looking down from the Gaterminated ͑111͒ plane ͓͑111͒Ga͔ plane, we can get one Ga atom connected by three covalent bonds to As atoms at the lower layer, leaving one outward bond. It is also possible to have one As atom connected by one bond to Ga with three outward bonds. The first situation is energetically favored and the second does not appear to even exist. Therefore, each atom at the ͑111͒ plane appears to be theoretically with one outward bond at the ͑111͒ plane. However, some previous works suggested a structure with 1/4 Ga monolayer vacancies in the layer at the Ga-terminated ͑111͒ plane. 13, 14 Once the vacancies exist, we believe that each atom at the plane will have more than one outward bond. It will be discussed later that the bond number at the ͑111͒ plane is evaluated to be about 1.7 based on the experimental results.
The ͑100͒ plane of GaAs consists of either all Ga or all As atoms. In either case, each atom is attached by two bonds to atoms in the lower layer, leaving two free outward bonds. Each atom has two outward bonds regardless of whether the plane is made up of Ga or of As atoms. At the ͑110͒ plane, in contrast, the atoms contain an equal density of Ga and As atoms. Each atom is attached by one bond to the lower-layer atom, two bonds to nearest neighbors at the plane, leaving only one outward bond. Therefore, it is the preferred cleavage plane for GaAs because interatomic force is weak between adjacent ͑110͒ planes.
An Arrhenius plot is obtained through plotting the logarithm of oxidation rates against the reciprocal of absolute temperatures, as shown in Fig. 3 . The Arrhenius equation is
where R is the oxidation rate, E a is the activation energy, T is the absolute temperature in K, A is the frequency factor, k is Boltzmann's constant, and q is the electronic charge. Since a high oxidation rate arises from a high concentration of the reaction sites, the initial rate of thermal oxidation of crystalline Si is directly proportional to atom density of the crystal planes. 15 However, there are considerable differences in the results of GaAs oxidation by the LPCEO technique. The results indicate that the slope of the straight line for the ͑110͒-oriented GaAs is more negative than those of ͑111͒ and ͑100͒ oriented. A higher slope of the Arrhenius curve implies a higher E a value (E a ϳ0.56 eV͒, which indicates that the oxidation is more difficult at the ͑110͒ plane, although the atom density at this plane is higher than the other two planes. The E a values for the ͑100͒ and ͑111͒ surfaces are much lower (E a ϳ0.24 eV͒ and approximately equal to each other. By the LPCEO method, the oxides grow at a relatively low temperature. Therefore, kinetic energies in the molecules are much lower. To react, chemically active atoms or bonds become predominant. In general, lower energies in the molecule result in a lower rate of reaction, but somehow the oxidation rate is abnormally high in the LPCEO technique. Thus, there may be some other factors as important as ͑or more than͒ the atom density in the oxidation. A possible interpretation for the earlier experimental results is that the higher outward ͑available͒ bond densities at the ͑111͒ and ͑100͒ plane results in lower values of the E a , since the bonds are considered to be more chemically active than neutral atoms. Table I summarizes the oxidation rates of these orientations comparing with the corresponding configurations of the atom density normalized to the ͑100͒ plane ͑A͒ and the number of available bond per each atom ͑B͒, where P is defined as the product of them ( PϭAϫB) in the following investigations. The evaluated value of P for the ͑100͒ plane is two, and that for the ͑111͒ plane is 1.155 ͑in the case of each atom at the ͑111͒ plane has only one available bond͒. As discussed earlier, each atom at the ͑111͒ plane probably has more than one available bond because of the presence of Ga vacancies. According to the experimental evidence of that the activation energies and the oxidation rates of ͑100͒ and ͑111͒ planes are nearly identical, the equivalent number of the available bond per each atom at the ͑111͒ plane is evaluated to be about 1.7 (1.155ϫ1.7Ӎ2). Hence, this implies that there are approximately 17 available bonds on ten atoms at the ͑111͒ plane. On the other hand, the P value is 1.414 at the ͑110͒ plane, which results in a relatively low oxidation rate as compared with the other two planes. Previously, an experimental result indicated that the ͑110͒ surface exhibits an absolutely minimum of oxygen adsorption ability, 16 which is consistent with our observation. Figure 4 shows an Arrhenius plot for specimens of ͑100͒-oriented GaAs with doping conditions of n ϩ , n Ϫ , p ϩ , and undoped. The specimens were all oxidized under illumination. Unlike the results of the orientation effects, the values of E a for these specimens are found to be close to each other (ϳ0.24 eV͒. As a result, the E a is not dominated by the doping of GaAs but by the crystal orientation. On the other hand, the intercepts of the Arrhenius curves with y axis for the n Ϫ -and n ϩ -doped GaAs are found to be larger than those for the p ϩ and undoped. The larger intercept implies a higher oxidation rate ͑frequency factor͒. The rate ratio between the n Ϫ -GaAs and the p ϩ -GaAs is about 4:1 at 30°C. As will be discussed later, the doping of GaAs influences the oxidation rate because of dopantdependent band bending near the oxide-GaAs interface.
B. Effects of doping
A model of photoelectrochemical etching of GaAs suggests that the etching requires holes to oxidize GaAs at the interface, 17 and then the oxidized species is dissolved by the etchant. The initial stages of GaAs oxidation can be described as the following equations:
→Ga͑III͒ϩAs͑III͒. ͑3͒
After the electron-hole pairs generate by absorption of light ͓Eq. ͑2͔͒, GaAs is oxidized by the holes ͓Eq. ͑3͔͒. In the LPCEO technique, the oxidized GaAs remain undissolved in the solution because of a pH-dependent solubility within a controlled pH range. 18 As a result, thick oxide films can be grown in the solution. As will be discussed later, the light illumination takes a great influence on the oxide growth. Thus, we expect that holes are also required in the LPCEO reactions and they are photogenerated. According to Eq. ͑3͒, as the photogenerated holes are supplied at a higher rate, the rate of oxidation of GaAs will be elevated.
The band bending of the near-interface region takes a great influence on the hole transport, since a built-in electric field drives the holes away from the interface or in the opposite direction. Extrinsic states at the junction which pin the Fermi level are induced, as the GaAs surface is attached by oxidizing molecules, metals, or some liquid electrolytes. As a result, the band bending of GaAs is relative to the Fermi level pinning at the oxide-GaAs or the electrolyte-GaAs heterojunctions. In the case of surface adsorbed by oxygen, the pinning of Fermi level of a n-doped GaAs is about 0.8 eV below the conduction band minimum, whereas that of a p-GaAs is about 0.5 eV above the valance band maximum. 19 Therefore, the near-interface bands bend up in the n-GaAs, whereas they bend down in the p-GaAs. At the same time, electric fields are built in the near-interface regions. As illustrated in Fig. 5 , the photogenerated holes in the p ϩ -GaAs will be repelled from the interface by the built-in electric field. In contrast, the holes are attracted to the interface by the electric field in n ϩ -doped GaAs. A higher oxidation rate for the n Ϫ -doped GaAs are obtained because more photogenerated holes are supplied from the wider depletion region as compared with the relatively thin depletion layer in the n ϩ -GaAs. Figure 6 shows an Arrhenius plot to illustrate the light illumination effects on the LPCEO oxide growth. For a n ϩ -GaAs oxidized under light illumination, we have found that the oxidation rate is significantly elevated ͑solid circles with the continuous line͒, as compared with those without illumination ͑the dashed line͒. At 30°C, the rate of oxidation with illumination is elevated to be 25 times higher than the unilluminated. The increase in the oxidation is due to that more holes are photogenerated and accumulated at the oxideGaAs interface, as compared with a relatively low concentration of holes in an unilluminated n ϩ -GaAs. In contrast, almost no elevation in the oxidation rate for a p ϩ -GaAs is found for the specimens under illumination ͑solid squares͒. As discussed earlier, this is because most of the photogenerated holes are repelled by the electric field away from the interface. For an undoped GaAs oxidized without illumination, lack of holes at the interface results in a relatively low oxidation rate, which is similar to the case of n ϩ -GaAs. Under illumination, the rate of oxidation also becomes higher; however, the increase is insignificant. The oxidation rate is elevated to be only comparable with that of the p ϩ -GaAs, which implies that photogenerated holes in the undoped GaAs are also repelled. Therefore, the bands also bend down near the interface in the undoped GaAs. The interpretation is consistent with a mechanism that an undoped GaAs grown by the LEC technique has a residual p background. 20 In addition, we have observed that the E a values were reduced for all doping specimens under illumination and the observation implies that the surface chemistry becomes more active.
IV. CONCLUSION
In conclusion, the effects of crystal orientations and doping on the GaAs oxide grown by liquid phase chemical enhanced oxidation technique have been investigated. It has been found that the activation energy for the ͑110͒-oriented plane is higher than those of ͑100͒ and ͑111͒ planes. A possible mechanism is proposed based on the relatively lower product of the normalized outward ͑available͒ bond density at the ͑110͒ plane. Based on the earlier mechanism and the experimental results, the number of available bond per each atom at the ͑111͒ plane has been evaluated to be about 1.7. It is also found that the holes photogenerated in n ϩ , n Ϫ -doped, or undoped GaAs result in a higher rate of oxidation. Without any repelling electric field in the nearinterface region, the elevation in the oxidation rate by illumination is more significant. For p-GaAs, however, the effects of illumination on the oxidation rate are insignificant due to the depletion of holes which are repelled by the bandbending-induced electric field. 
